
Module 4

Fusion materials

This module aims to introduce the challenges behind the choice of 
materials to build a nuclear fusion reactor. Material engineering plays a 
primary role in the process of making fusion a reality. The focus of this 
module is on two topics that are crucial for a working reactor: 1) heat 
exhaust and plasma-facing materials, 2) neutron irradiation and mate-
rials for the blanket.

The technological challenge behind these topics consists in dealing 
with the extreme conditions encountered inside a tokamak. This leads 
to questions such as: “What are these extreme conditions?”, “Which 
materials can we use?”, and “Which solutions are engineers and resear-
chers currently working on?”.

After this module, you will have a better picture in mind of the parts 
and components of a nuclear fusion reactor; you will have an intuitive 
understanding of the material issues. Plus, you will know which materi-
als we need to make fusion a reality. In sum, you will have gained in-
sight into how we are trying to build a box ‘containing a star on Earth’.
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Extreme materials 
for extreme settings
Red-hot and frigid
ITER has been called the most complex device ever built 
by man. As a matter of fact, building a nuclear fusion 
reactor is one of the most demanding scientific and 
technological challenges ever faced by humankind. In 
module 1, we have looked at the most common ap-
proach to fusion: magnetic confinement. The workhorse 
of fusion, the doughnut-shaped tokamak, uses magnets 
and a current to keep the burning hot plasma away from 
the walls. 

As a result, we have a temperature 20 times higher than 
the one in the centre of the Sun that is only 1 or 2 me-
ters away from superconducting magnets in the cryostat 
(a system kept at a very low temperatures) that need to 
be cooled at just -269 °C! It means that in a nuclear fu-
sion reactor the hottest thing in the entire solar system, 
and the coolest thing on Earth must coexist within a very 
short distance. 

We learnt in a different module that this is possible 
thanks to magnetic confinement. However, even with 
such confinement the challenges for the materials of the 
reactor are gigantic! Although for ITER, this technologi-
cal challenge is well in hand (we will see how), significant 
improvements are needed if we want to generate sus-
tainable energy using fusion power plants in the future.

Material engineering plays a fundamental role in deter-
mining the success of nuclear fusion energy. Even if we 
master the physics of nuclear fusion in terms of plasma 
confinement, control, and optimization, we may still not 
be able to build a nuclear fusion power plant because of 
the extraordinary conditions inside the reactor. There-
fore, we need materials which can deal with these con-
ditions. After all, it is not any everyday material that is 
suitable for containing a Sun in a box.

4.1
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But what are these extraordinary conditions? And where 
precisely are they encountered inside a fusion reactor? 
Do materials that can withstand these extreme condi-
tions exist already? And, if not, what advanced materials 
are needed to solve this gigantic puzzle? These are the 
central questions of this module.

On the path of a neutron
To answer them we will take a journey through the parts 
of a nuclear fusion reactor. On this journey, we will fol-
low the path of a neutron, one of the many generated 
by the fusion reactions. It all starts in the plasma core 
where nuclear fusion reactions occur. Try to visualise 
this: neutrons are released together with a tremendous 
amount of energy. They fly outward from the plasma 
core in all directions (see figure 2). 

Since a neutron is not charged it cannot be confined by 
the magnetic field. Therefore, each of the neutrons flies 
outward against the inner wall of the reactor and, as an 
armor-piercing bullet, it penetrates deep inside the in-
ner parts of the reactor. In the journey it damages, heats 
and reacts with the materials it encounters. The neutron 

Figure 1. Schematic over-
view of the ITER tokamak. 
The most important parts of 
a tokamak for this modu-
le are shown. Within a few 
meters’ distance the plasma 
must be heated to tempera-
tures higher than 150 million 
degrees Celsius while the 
superconducting magnets 
must be kept at -269 °C. This 
is possible thanks to magne-
tic confinement. Source: ITER 
Organization.
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must ultimately end its journey before it reaches the su-
perconducting magnets that sit just outside the vacuum 
vessel, to prevent damage to the magnets. In this mod-
ule we will focus on two specific parts of the reactor: 
first, the inner reactor wall which is directly exposed to 
the plasma and, second, the blanket. They are indicated 
in figures 1 and 2. 

Inner reactor wall
The inner reactor wall in turn consists of two parts: the 
divertor, which is the exhaust of the reactor, and the 
first wall, which is the rest of the inner reactor wall. The 
divertor is specifically designed to resist tremendous 
heat, as most of the heat ends up there. Together, the 
divertor and the first wall make up the box containing 
the plasma, protecting the systems behind it, and fac-
ing the plasma directly. The neutrons, however, are not 
stopped by the inner reactor wall and pass through it.

Blanket
Behind the inner reactor wall lies the blanket. The blan-
ket is designed to stop the neutrons and collect their 
energy. Here, tritium is bred using the neutrons and the 
heat is extracted from the reactor by cooling systems 
which can be converted into electricity. The outermost 
part of the blanket is the vacuum vessel, the toroidal 
pressure vessel that keeps the plasma vacuum-sealed 
from outside.

Figure 2. The most important 
parts of a tokamak for this 
module: fivertor, first wall, 
superconducting magnets 
the blanket and of course the 
fusion plasma. Additionally, 
a schematic drawing illus-
trates the motion of heat and 
neutrons. They are produced 
in the hot core of the plas-
ma. The arrows indicate how 
these travel outwards to the 
inner reactor walls. Source: 
Simone Mingozzi.
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Superconducting magnets
Third, behind the blanket we have the superconducting 
magnets which lie inside a cryostat. These create the 
magnetic field that is essential for plasma confinement. 
Nowadays, superconducting magnets are used to create 
very strong magnetic fields.

Challenges aplenty
The design of each of these parts is a challenge by it-
self. The exhaust, the box, the blanket, and the magnet 
system compose the essential elements that make up a 
nuclear fusion reactor. In the next chapters of this mod-
ule, we will review the tasks of the first three of these 
parts and focus on the material challenges that arise for 
them. To learn more about the superconducting magnet 
system, see the Superconductivity Annex. 

We say that we will put the Sun into a 
box. The idea is pretty. The problem is...
we don’t know how to make the box.

— Pierre-Gilles de Gennes, Nobel Laureate

“
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4.2 The heat exhaust 
problem
Wait, I thought we fixed this?
Module 1 focused on the basics of nuclear fusion: in the 
core of our tokamak, the magnetic field confines a tre-
mendously hot plasma while simultaneously preventing 
it from touching the inner reactor walls. And thus saving 
their material from melting. Perfect! We mastered fusion! 
So, why on Earth do we need to think of a heat exhaust? 

Well, unfortunately, the situation is a little bit more com-
plex than that. The materials of the divertor still receive 
an enormous amount of heat and risk melting. And if we 
cannot keep the divertor from melting, a fusion reactor 
will not work for long. In fact, the heat exhaust problem 
is so complex that it is slowing down the development 
of fusion technologies. In this chapter, we deal with the 
choice of materials needed to face this challenge. But 
first, let us look at why a heat exhaust is necessary at all.

Helium ashes
A commercial nuclear fusion power plant will have a fuel 
cycle, like any reactor where fuel components react to 
generate products and new fuel must be provided to 
sustain the process. In a tokamak, hydrogen isotopes 
get in, they react, and helium nuclei ultimately must go 
out. The problem is that these products, the helium nu-
clei, the “ashes” of the fusion reactions, are still very hot. 
Yet, they need to be expelled from the reactor. 

Furthermore, the confinement by the magnetic field is 
not perfect! Plasma particles tend to escape from the hot 
core of the reactor and drift away to the walls. The same 
happens to the heat they carry with them: it escapes 
from the hot core towards the inner walls of the reactor. 
The white arrows in Figure 2 schematically show how the 
heat travels outwards from the plasma core. In state-of-
the-art tokamaks most of the heat is guided to a specific 
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The divertor of ITER will have to survive in the face of 
a heat load of 10 MW/m2. To realize how much this is, 
consider this: the maximum energy that a thermal lance 
(a tool that thiefs use for breaking into high security 
bank safes) can generate is as much as the energy that 
10MW per square meter deposits onto the divertor in 
just a microsecond (see exercise 1)! Such a tremendous 
heat load must be dealt with without melting by the 
plasma-facing material (see exercise 2). 

Divertor heat load and
thermal lancesASID

E

part of the reactor, the divertor, where the heat exhaust 
must take place. This part of the inner reactor walls is 
located at the bottom of the tokamak, and it is schemat-
ically indicated in figure 2, where the outermost white 
arrows represent the heat going to the divertor.

Okay, so I guess it’s a problem
Long story short, the material of the divertor must deal 
with enormous heat without melting and this is the main 
issue of the heat exhaust challenge. On top of that, oth-
er subtle problems follow. The heat is carried by parti-
cles which are chemically corrosive. Plus, neutrons that 
are not confined by the magnetic field practically bom-
bard all the inner reactor walls and damage their materi-
als. Finally, events in which the confinement is (partially) 
lost and the hot plasma can come into direct contact 
with the wall, can still occur occasionally. In all these cir-
cumstances, the materials of the divertor (but also of the 
remaining parts of the inner reactor walls) must not melt 
or erode!

In sum, the heat exhaust problem poses a great chal-
lenge to the materials facing the plasma. To keep our 
reactor running, many requirements must be met by 
the wall components and their materials. In practice, we 
could say that we need exceptional heat shields! And for 
those we need the best possible materials!
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Heat Shields
Now you know why we need to cope with the heat ex-
haust challenge: we need heat shields. But we still do 
not know exactly what they are and how to design them. 
Here, material engineering plays a crucial role: for phys-
icists and engineers this means designing plasma-facing 
components and choosing (or inventing) proper plas-
ma-facing materials.

First, a general plasma-facing component (PFC) is divid-
ed into two main parts: the plasma-facing material (PFM) 
and the heat sink. Each has its own task and therefore 
they can be made of different materials (see figures 3 
and 4). Essentially, the PFM must resist the issues of the 
heat exhaust described above while the heat sink must 
cool down the system.

Classroom exercise 4.1
The thermal heat load to the divertor in ITER is estimated to be 10 MW/m2. But 
how much is that? Compare it with the maximum energy that is generated using a 
thermal lance, which ‘burns’ iron with a heat of combustion of 4.23 KJ/g.

(a) What is the energy generated with a standard thermal lance if it combusts 3 
grams of iron? 

(b) How much energy hits 1 m2 of divertor material in just one millisecond of ex-
posure to the thermal heat load of ITER?

(c) How do they compare? And knowing that a thermal lance can be used to cut 
through the kind of steel that banks trust to hold their property safe, what does 
this tell you about the requirements for the divertor?

Figure 3. Schematic illustration of the two main 
parts of a Plasma Facing component (PFC): the 
plasma-facing material and the heat sink.
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Material requirements for PFCs
To choose the best materials for the PFCs the following 
requirements must be considered.

High melting point is necessary. The material is heated 
up, but melting should be prevented at all costs for two 
reasons: it would damage the wall, and molten material 
flying off the wall would cool down the plasma, stopping 
the fusion reactions.

High thermal conductivity is essential: in a material with 
high conductivity, heat is quickly removed, and the sur-
face temperature stays further below the melting point.

Neutron compatibility must be considered as well. As 
we have seen, PFCs are bombarded by neutrons. These 
threaten to drastically deteriorate the mechanical prop-
erties of materials in many ways (more about this later!). 
Plasma-facing materials must keep their properties (at 
their best) even in such harsh conditions. 

Tritium compatibility must also be considered. In fact, 
tritium, one of our fusion fuels, is radioactive and there-
fore it tends to decay into deuterium. Thus, it is very 
rare as a fuel! Some materials are not compatible with 
the tritium because they react with it or absorb it. If you 
want to know more about this, see module 5.

Low sputtering is essential. The wall is bombarded by 
neutrons and other high-speed plasma particles. When a 
collision happens, wall material atoms can get physical-
ly knocked off. This process is called sputtering. It is an 
actual erosion mechanism that also threatens to release 

Figure 4. Schematic overview of what it means to 
be a plasma-facing component. The heat load of 
the plasma is conducted by the plasma-facing 
material. The cooling system keeps the compo-
nent from getting to hot and at the same time 
transfers the heat out of the reactor where it can 
be used to generate energy.
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Material                     Thermal conductivity

Natural graphite (C)  25–470 W/(m×K)

Copper (Cu)     380 W/(m×K)

Molybdenum (Mo)   216 W/(m×K)

Tungsten (W)   175 W/(m×K)

Beryllium (Be)   136 W/(m×K)

Table 1. Thermal conducti-
vities  in W/(m×K) of some 
materials of interest for plas-
ma-facing applications. 

heavy wall atoms into the plasma.  And, when the wall 
material ends up in the plasma, the plasma cools down 
and literally chokes (stops) the fusion reactions. To min-
imize this, it is necessary to avoid the use of materials 
made up by big heavy atoms. In other words, materials 
with a low atomic number. 

Material options for PFCs
Given all these requirements we can make some mate-
rial-related observations. Tungsten is the metal with the 
highest melting point: 3,422 °C. However, it is not the 
best to conduct heat and it is brittle at high tempera-
tures. Copper has the highest thermal conductivity (see 
table 1), but it is mechanically weak compared to oth-
er metals. Plus, it gets highly damaged by exposure to 
neutrons. The same holds for graphite (carbon), which 
can be an excellent heat conductor. 

Molybdenum, tungsten, and beryllium are good thermal 
conductors, but not as good as copper. Carbon is very 
bad from the perspective of tritium compatibility be-
cause it bonds quite quickly with hydrogen (remember 
that tritium, is a specific isotope of hydrogen) to form 
hydrocarbons, which are also quite dangerous to have 
inside a reactor. Furthermore, we want to lose the least 
amount of material possible (caused by sputtering). 
Comparing all these properties, carbon, molybdenum, 
tungsten, and beryllium are our best candidates!
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Material choices for PFCs in ITER
Researchers and engineers must simultaneously consid-
er all these aspects and find the optimal compromise. 
So the choice for beryllium and tungsten as plasma-fac-
ing components in ITER (see figure 5) was by no means 
an easy one. We’ve listed many of the reasons for this 
in this chapter and looking at all of them together it is 
difficult to believe that scientists and engineers found an 
answer at all. As we’ve already seen in Module 2, howev-
er, the history of fusion rarely runs straight. 

Luckily though, we didn’t run into all of the discussed 
problems at the same time. At the start, energy losses 
due to impurities from sputtering were the main prob-
lem. The heat load problem came much later, when 
devices had become considerably larger. If you’re inter-
ested in a historical perspective on plasma-facing com-
ponents, check out the Aside on the following pages.

Materials are not the only problem for the heat ex-
haust. As you can see in Figure 5, the divertor is a very 
complex-looking device. Ideally, engineers like to keep 
things simple and the fact that the divertor isn’t means 
that there are plenty of other issues to be tackled. We 
will not discuss those problems here, but there are some 
ideas for further reading at the end of this module.  

Figure 5. The ITER first wall is 
going to be made of berylli-
um. For the divertor, the se-
lected plasma facing material 
is tungsten. The divertor has 
a specific w-shape for facili-
tating its functional purposes, 
namely, exhausting helium 
ash and exhausting the heat. 
The heat is actively removed 
via cooling pipes made of 
copper alloys where a coolant 
(water) carries away the heat 
thus cooling the wall. Sour-
ces: ITER Organization and 
EUROfusion.

11



Historical perspective on PFCs

ASID
E

In the late 50s and early 60s, the first small tokamaks in 
the Soviet Union had a glass wall, because it was simple 
to use and to create a good quality vacuum with low im-
purities.  Unfortunately, the glass heats up very quickly, 
and it’s very fragile. Stainless steel was then considered. 
It is strong and can handle quite some heat, but initially 
it was not good enough. So, researchers developed con-
ditioning techniques: engineers used coatings or sprays 
to reduce the impurity content released from the wall. 
It allowed the use of steel for reactors. Thus, tokamaks 
with this reduced impurity content were able to reach 
relatively hot plasmas.

When the heat load started to be the main problem, mo-
lybdenum (Mo) and tungsten (W) were considered. They 
are considered refractory metals: materials highly resist-
ant to heat and wear. Researchers favored them because 
of their high melting point and low sputtering. Unfortu-
nately, their heavy atoms were inconvenient in terms of 
the other PFC requirements.

Beryllium            CFC tungsten coated                 Inconel tungsten coated
  

Tungsten             Inconel beryllium coated

Figure 6. The materials used 
for the inner reactor walls 
of the Joint European Torus 
(JET) in the United Kingdom. 
Until ITER is finished, this is 
the largest tokamak ever to 
have been built. These mate-
rials are beryllium, tungsten, 
tungsten-coated carbon fibre 
composite (CFC) and 
tungsten- and beryllium-
-coated Inconel, which is the 
brand name of a collection 
of nickel-chromium-based 
alloys. Source: ITER Organi-
zation.
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Historical perspective on PFCs

A turning point in the performance of tokamaks was 
reached in the 80s with fine-grain graphite (basically 
carbon (C)). It was a great material to use due to its good 
thermal conductivity. It was limited in strength, but with 
smaller devices, this was not an issue yet. Thus, many 
tokamaks used carbon for PFCs and saw an increase 
in plasma core temperature. Following those results, 
graphite became the standard PFM in the 90s. 

However, extensive conditioning techniques were neces-
sary to counteract the natural chemical affinity of carbon 
to bond with hydrogen isotopes. Still, high magnetic 
field tokamaks continued using refractory metals (tung-
sten and molybdenum) because of the high heat loads 
on the wall that carbon could not resist. Nevertheless, 
carbon has been used for the biggest operating 
tokamaks up to now (like JET, see figure 6).

It was initially planned for the divertor of ITER as well, 
but was later ruled out due to two reasons: firstly, it 
retains a remarkable amount of tritium due to both its 
affinity to bond with hydrogen and to the sputtering 
happening on the wall; secondly, under neutron irradi-
ation, carbon fiber composites – a much stronger car-
bon-based material than graphite – were affected by a 
substantial reduction of their thermal conductivity, thus 
severely limiting their use. 

From the 90s onwards, tungsten (W) started to over-
shadow the other materials for high heat load plasma 
facing applications as it combines the highest possible 
metal melting point with a relatively high thermal con-
ductivity. In addition, tungsten has a very low sputter-
ing rate: atoms are much less likely to be sputtered by 
incoming particles from the plasma. Lastly, tungsten 
seems more compatible with tritium, due to its low 
chemical affinity with it. To current expectations, using 
tungsten will also lead to low retention of tritium.

Together with tungsten, beryllium (Be) is the select-
ed material for the ITER PFCs. More specifically, ITER 
will have a first wall made of Be. This is because it has 
a much lower atomic number than tungsten and thus 
causes less problems related to sputtering (see previous 
section). The first wall, in fact, is also affected by sput-

ASID
E
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tering, but the problem is somewhat less severe than for 
the divertor. In this case, beryllium is preferred to tung-
sten because even though it has a lower melting point 
(~1285 °C compared to ~ 3422°C), it has a more accept-
able thermal conductivity. And, more importantly, Be 
atoms are much smaller and when released as impurities 
in the plasma (due to sputtering indeed) they cause less 
energy losses.

ASID
E

Classroom exercise 4.2
In classroom exercise 4.1 we did some heat load calculations. In this follow-up, 
we ask ourselves the question: what material can resist such a high heat load 
without melting? Is some active cooling necessary to keep the material below its 
melting point?

To calculate the temperature, we can approximate the divertor as a perfect black 
body. A black body radiates (emits power) according to the Stefan-Boltzmann Law:

 𝑃𝑃𝑃𝑃 =
Δ𝐸𝐸𝐸𝐸
Δ𝑡𝑡𝑡𝑡

= 𝜎𝜎𝜎𝜎B𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇4 

Here, P is the emitted power in watt, σB = 5,67×10-8  J/(s×m2×K4 )  the Ste-
fan-Boltzmann constant, A the surface area of the black body and T the surface 
temperature. Now, suppose that you have a divertor of 1m2 and assume that all 
the 10MW/m2 are radiated away. 

(a) What is the surface temperature?

(b) How does this to the melting* temperature of the following materials? 

Tungsten (3.422 °C)  Iron (1538 °C)  Carbon* (3642 °C)  Beryllium (1287 °C)

(c) What do you conclude about cooling? Can the material radiate away all heat and 
thus remain cool enough by itself (passively) or is additional active cooling re-
quired? And why?

* Carbon does not melt like the other materials. Rather, it sublimates which means 
that it goes directly from being a solid to a gas.
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4.3 Neutron irradiation

Hot neutrons
The nuclear fusion reactions release highly energet-
ic neutrons, and the reactor's wall has to be compati-
ble with them. Visualize this: plenty of highly energetic 
neutrons released by fusion reactions flying against the 
reactor walls with nothing there to stop them but the 
material of the wall itself. It is an actual bombardment 
that is more formally called neutron irradiation. What 
happens to the material when it is hit by neutrons, and 
why is this an issue?

To answer these questions, we focus on the neutrons. 
To understand their role in a fusion reactor, we must 
consider two sides of the same coin. This chapter deals 
with the negative aspects of neutrons. We investigate 
the issues that come with hot neutrons and we look into 
some of the solutions that scientists have come up with 
to tackle them. The positive side of neutrons will be 
treated in the next chapter.

Plenty of problems
Why? Well, for the reactor materials, especially for plas-
ma-facing materials, dealing with an actual neutron 
bombardment is a huge problem! The degradation of the 
material properties due to interaction with the incoming 
neutrons and the damage of the crystal lattices (material 
microscopic structures characterized by strongly bonded 
atoms, see Aside: Crystal lattices) that they induce are 
highly undesirable for many reasons. 

For instance, neutron irradiation diminishes the strength 
of plasma-facing materials, and so their ability to con-
duct the heat is severely affected. To make things even 
more ‘interesting’, neutron irradiation can even cause a 
material to turn into another entirely different material: a 
process called transmutation.
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Crystal lattices
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When neutrons pass through materials, they damage 
them. Specifically, they damage the internal structure 
which is made of crystal lattices. Crystal lattice may 
sound like an odd term, but it simply refers to the 3D 
arrangement formed by atoms of solid materials at the 
microscopic level. Materials that have crystal lattices are 
called crystalline solids in material science (see figure 7). 
Most of the time metallic elements are crystalline solids 
at room temperature. Additionally, most inorganic solids 
are not crystals but poly-crystals: the material is made 
out of a collection of crystals, called grains or crystal-
lites, that are differently oriented but join together at 
grain boundaries (see figure 7).

At the macroscopic level, most material properties de-
pend on the lattice type but are also strongly affected by 
lattice defects and grain sizes. For example, defects in 
the crystal structure can profoundly alter the material’s 
mechanical properties, such as strength, ductility, and 
toughness. 

1 cm

100 μm
1 nm

Figure 7. Tungsten (W), a 
metal, is a crystalline solid. 
More specifically, it is a poly-
-crystal. If observed through 
a microscope, it does not 
look like a continuous pie-
ce of metal. Instead, it looks 
like a composition of grains 
separated by discontinuities 
called ‘grain boundaries.’ At 
the atomic level, we see that 
atoms of the metal are arran-
ged in a 3D structure. This 3D 
structure is called a crystal 
lattice. Adapted from: Alche-
mist-hp (CC BY-SA 2.0 DE) 
and Edward Pleshakov (CC BY 
3.0).
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Microscopic effects
Neutron irradiation causes the degradation of the mate-
rial properties. The fundamental cause of this degrada-
tion is microscopic. In fact, the collision between neu-
trons and atoms in the lattice of solid materials has two 
consequences. The first is the primary lattice damage 
which is caused by the neutron knocking the atom out 
of place. The second is the onset of nuclear reactions 
caused by the interaction of neutrons and atoms that in 
turn causes the formation of gas inside the material.

In figure 8 you can see the incoming neutron hitting the 
lattice atoms of a solid material. This initiates a chain of 
events that alters the lattice and ultimately causes the 
material degradation. Engineers tend to summarize the 
macroscopic effect of neutron irradiation on materials 
with three words: swelling, hardening, and embrittle-
ment. In this chapter, we will review each of them and 
learn how they can be detrimental. 
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Figure 8. Schematic illustration of the primary lat-
tice damage in a material induced by the collision 
with an energetic neutron. The incoming neutron 
hitting the so-called “Primary Knocked-on Atom” 
(PKA) knocks it out of its place. This displacement 
initiates a fast cascade of consecutive collisions 
(secondaries and tertiaries) with other atoms that 
ultimately leads to the degradation of the mate-
rial. Adaption of the original image courtesy of K. 
Nordlund et al, 2014.

Crystal lattices
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Macroscopic effects
Now you know what happens at the microscopic scale 
to a material that is hit by the neutrons. So, we can now 
treat what happens at the macroscopic scale due to 
neutron irradiation: the degradation of properties of the 
material.

Swelling is one of the consequences of neutron bom-
bardment. It increases the volume of the component, 
which is problematic. You can quickly get a correct pic-
ture in mind if you imagine a piece of a complete puzzle 
that suddenly becomes bigger. It would not fit anymore, 
and either it, or the pieces around it, will break. The 
same goes for components in a fusion reactor. Certain 
materials swell more than others. For example, some 
standards steels under irradiation can increase their vol-
ume by about 15%.

The microscopic cause of this behaviour is the formation 
of gas induced by neutron irradiation. The gas atoms 
are not bonded to the material atom anymore. They can 
travel within the material and form bubbles. The pres-
sure of these gas bubbles can initiate cracks that can 
grow over time. As a result, the material is much more 
likely to break and may cause mechanical assembly 
problems, therefore it is less able to sustain loads and, 
in general, less robust.

Classroom exercise 4.3
You just learned what swelling is, but why do you think swelling is a problem in a 
fusion reactor? Can you give an example?

Embrittlement and hardening are two other consequenc-
es of neutron irradiation on the mechanical properties 
of metals. The two phenomena are related. On the one 
hand, hardening makes the material “harder”, which 
means that it will resist higher stress before it deforms. 
But on the other hand, embrittlement makes the mate-
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rial more likely to break instead of bend if it deforms. 
Hence, the material will now fail sooner than it normally 
would by breaking in a sudden manner. 

Overall, swelling, embrittlement and hardening result in 
a much worse material: the more it is subjected to neu-
tron irradiation, the more it becomes brittle and ulti-
mately more likely to break. 

Neutron-hard materials
For better or for worse, the design of a nuclear fusion 
reactor is highly influenced by the fact that the materi-
als of the reactor must deal with an actual bombardment 
of neutrons. The fusion-relevant question is then: are 
there, or can we produce, neutron-hard materials able 
to resist this?

There are materials that are less affected by the degra-
dation caused by neutron irradiation.  A lower swelling 
and embrittlement behavior has been observed for ma-
terial with a very specific atomic structure. For example, 
vanadium alloys and ferritic steels.

Furthermore, years of research led to the discovery of 
smart ways to reduce the sensitivity of materials to is-
sues related to gas formation. For example, it has been 
discovered that both cracking and the growth of bub-
bles can be partially suppressed by modifying the mi-
croscopic material structure in such a way that many 
smaller bubbles are formed rather than a few big ones 
(see figure 9). This prevents the build-up of pressure 
that would otherwise cause cracking. And this is usually 
achieved by manipulating the microstructure of the ma-
terial and/or its composition.

Taking advantage of that, European fusion scientists 
in the last two decades developed an engineered steel 
named EUROFER specifically tailored to operate under 
nuclear irradiation. It will be used for the structural part 
of ITER and in blanket components.
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Tailor-made for fusion: EUROFER
In the last 50 years, material engineers studied how to 
control defects and, in turn, mechanical properties. If 
you’re interested in how defects determine a materi-
al’s strength, see the Aside on the following page. The 
best example is EUROFER, a steel developed for fu-
sion-relevant conditions. EUROFER is an alloy consisting 
of iron, about 9% of chromium, and some carbon (<1%) 
that shows excellent performance in dealing with neu-
tron-induced damages. Differently from other steels, 
it does not contain any nickel that becomes radioactive 
when hit by the neutrons. 

The most significant limitation of this material is that 
it starts to lose its strength when its temperature ex-
ceeds 500-550 °C. This is incompatible with the optimal 
temperature range for heat-electricity conversion that 
a power plant must do: the reactor walls would need to 
have a temperature of around 800-1000 °C for optimal 
efficienty. It is here that defect management helps: add-
ing some yttrium oxides in the material composition al-
lows this modified EUROFER to reach temperatures up to 
650 °C safely. Of course, this is not enough to resist the 
heat loads of the first wall, but EUROFER is the candi-
date structural material for future fusion power reactors, 
more specifically for the blanket components - the last 
topic of this module.

Figure 9. Micrographs of EUROFER showing nano-
bubbles with homogeneous size and distribution. 
Image courtesy of M. Roldán et al, 2015.
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Defects
Material science can be counterintuitive sometimes. De-
fects are massively present in crystalline solids, but their 
presence is the underlying cause of some of the best 
properties of the materials! For example, type and con-
centration of defects determine the mechanical behav-
iour of the material by affecting its likelihood to deform. 
Some defects slip or glide under the effect of exter-
nal forces or stress but other can act as pinning points 
and stop the deformation. Thus they can effectively 
strengthen the material instead of weakening it! Overall, 
the types of defects, their number and their arrangement 
strongly affect mechanical properties such as strength, 
ductility, hardness, etc. Altering the defects changes the 
overall deformation properties. In sum, controlling the 
defects means controlling the material properties!

ASID
E
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4.4 The blanket

The upside of neutrons
In chapter 4.3 we saw all the negatives of having ex-
tremely hot neutrons. In this chapter, we look at the 
upside. The neutrons are not confined by the magnetic 
field, which means their energy can be easily extracted. 
They will hit the atoms that compose the material of the 
reactor walls, heating the material in the process. Hence, 
by active cooling, we can extract the heat necessary for 
electricity generation – which is what all of this is about. 
Neutrons are also essential for the fuel cycle! The tritium 
that we need for the D-T reaction is not found in nature 
because it decays. We can take advantage of those neu-
trons to produce tritium directly inside the wall. All of 
this happens deep inside the wall: in the blanket shown 
in figure 10.

The blanket is tasked with three different things. It must 
breed the tritium, collect and remove the heat, and ul-
timately prevent the neutrons from hitting and heating 
the superconductors lying behind it. So the blanket is a 
tritium-breeding, heat-exchanging, neutron shield! This 
chapter will review all the functions behind this wordy 
definition and focuses on the material engineering as-
pects.

Overview of the blanket
Figure 10 gives a schematic overview of the blanket and 
its parts. The exact definition of the blanket components 
is somehow arbitrary: some are used to include the plas-
ma-facing materials and the superconducting magnets 
in the blanket. In this module, the blanket is defined as 
in figure 10; The blanket has three main components: 
the breeding zone, the back shield, and the vacuum 
vessel. Figure 10 also lists the materials chosen to build 
the blanket of ITER. These are not to be considered final 
because they were the best compromise when ITER was 
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designed. In fact, many problems concerning the tech-
nology for the blanket are still open and are objects of 
active research and design efforts. It is worth noting that 
although the blanket functions are diverse, they have 
one common denominator: the neutrons.

Tritium Breeding
Arguably, the essential function of the blanket is to pro-
duce tritium, so it is also widespread to name it ‘breed-
ing blanket’. The possibility to produce tritium comes 
from having our highly energetic neutrons. Due to nu-
clear reactions — called tritium breeding reactions — in-
duced by neutron irradiation and involving beryllium (or 
lead) and lithium, we can produce tritium. Tritium is the 
fuel of the nuclear fusion reaction, and in this way, it is 
possible to produce it directly inside the reactor: a very 
convenient loop!

Figure 10. The schematic infographic of the ITER Blanket. Each subpart has its functional purpose and re-
quirements. The Blanket lies in between the plasma-facing components and the magnets in the cryostat.
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If you wonder why a fusion reactor must produce one of 
its fuels, here is why: tritium cannot be stored for long 
because it is weakly radioactive, which means that its 
amount decreases over time. More formally, we say that 
its half-life is 12.3 years. This is the time required for its 
quantity to be reduced by half of its initial value. For this 
reason, tritium is not present in nature, and it is chal-
lenging to produce and maintain in large quantities.

Ensuring enough tritium breeding is essential to deploy 
fusion power, see module 5. For this chapter, it is suffi-
cient to focus on just two aspects. So, first, the blanket 
needs a breeder to breed tritium, often lithium.  Second, 
the blanket also needs a neutron multiplier: a material 
that through interactions with neutrons releases even 
more neutrons. This, in turn, results in more tritium 
breeding reactions with lithium and therefore increases 
the amount of tritium produced. In practice, the neutron 
multiplier can be beryllium or lead.

In figure 10 you can see that the blanket is located be-
hind the plasma-facing materials because we want most 
of the reactions induced by the neutrons happening 
there. Many concepts and technological solutions have 
been found to deal with this. For example, the technolo-
gy of both solid and liquid breeders has been developed 
and tested. The first ones are basically made of solid 
pebbles made of a Lithium-based ceramic material (lith-
ium silicates like Li4SiO4 usually) while the second ones 
are made of liquid metallic alloys containing both the 
breeder and the neutron multiplier (like LiPb).

Finally, note that the tritium atoms must be collect-
ed and isolated from the breeder material. This is done 
using a coolant flowing through the pebbles for the solid 
breeders. For liquid breeders this happens automatical-
ly since they flow in and out the breeding zone of the 
blanket.

Of course, the reactions with the neutrons also heat 
all these materials, which implies that the breeding 
zone must be heavily cooled. The coolant flowing in 
the breeding zone and the pipe-based cooling system 
shown in figure 10 are meant to perform this task, i.e., 
the heat exchanging function of the blanket.

24



Heat Exchanging
The blanket is also a heat exchanger. 80% of the heat 
produced by the nuclear reactions arrives at the blanket. 
In addition to this, some heat is also produced by the 
tritium breeding reactions in the blanket itself. All this 
heat must be collected and carried away to produce elec-
tricity. Of course, this heat exchanging function is vital 
because the efficiency with which this heat exchange 
takes place affects the overall efficiency of the reactor. 

Look at figure 10: many cooling pipes must pass 
through the materials composing the blanket, plus cool-
ants must also pass through the breeding zone to collect 
tritium and heat. These are made of copper or copper 
alloys since they have the highest thermal conductivities. 
However, the most important choice regarding the effi-
ciency of the process is the selection of the coolant.  As 
a coolant, various options are available, including water, 
helium, and liquid lead-lithium. Whether one is more 
convenient than the others depends on technical details 
concerning how the entire cooling system is designed. 
ITER will test different breeding cooling systems. 

Classroom exercise 4.4
In a reactor, the blanket needs to be heavily and actively cooled. Why?

Neutrons Stopping
The last but not the least important function of the 
blanket is to stop the neutrons. By now, you know that 
the neutrons, when released by nuclear fusion reac-
tions, have very high energy, 14 MeV to be precise. To 
realize how much this is, consider that fusion neutrons 
are much more energetic than the nuclear fission neu-
trons used to sustain chain reactions in nuclear fission 
reactors. And they carry a million times more energy 
than the ionisation energy of a single hydrogen atom. 
Fortunately, a nuclear fusion reactor is inherently safe 
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because no materials can initiate any chain reaction. 
Nevertheless, such high energy makes the neutrons very 
difficult to stop. Very thick pieces of metal are needed to 
block enough of them. Overall, the ITER blanket will be 
at least 1 m wide (look at figure 10) to stop most of the 
neutrons. A back shield made of stainless steel is de-
signed to be part of the blanket to reduce the fraction of 
passing neutrons to a negligible value.

Why is it so crucial to stop them in the blanket? Well, this 
is because of multiple reasons, but two of them stand 
out. First, to increase the efficiency of producing elec-
tricity, we want to capture most of the neutron heat. 
This is expected to happen in the blanket. Secondly, and 
most importantly, neutrons passing over the blanket 
threaten to heat the superconductors above their critical 
temperature, i.e., making them non-superconducting. 
This is a tremendous drawback, but this is a topic dis-
cussed in the Superconductivity Annex.
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4.5 Further reading

In this module, we saw how material selection for fu-
sion devices is a very intricate business. Extremely high 
heat loads and neutron fluxes make that only the most 
resilient of materials in the world stand any chance of 
surviving prolonged contact with a fusion plasma. It is 
one more aspect that makes the fabrication of a fusion 
reactor difficult, but all the more intriguing. If the end of 
this module came sooner than the end of your interest, 
then there are several interesting sources that could be a 
starting point for further study.

Superconductivity Annex
Superconducting magnets were teased a couple of times 
in this module, but never discussed at length. A spe-
cial annex was written, to be distributed along with this 
module, that covers this highly interesting topic. Super-
conductivity is among the (literally) coolest of physics 
topics, so be sure to check it out!

More on ITER components
https://www.iter.org/mach allows you to visually click 
through all the components discussed in this module 
and plenty more. 

https://www.iter.org/newsline/-/3422 links to a news 
article from ITER Organization, ‘Far more than a fancy 
ashtray’, that gives additional interesting insights into 
the divertor

https://www.iter.org/newsline/-/3175 is a news article 
like above, ‘Trial by Fire’, that describes how engineers 
make sure that their theoretical thermal limits for the 
divertor are actually reproduced by experiments. 
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Colophon
Fusion Materials is the fourth of 
five modules on nuclear fusion. 
They teach about basic concepts 
in nuclear fusion at the secondary 
school level. All modules can be 
found free of charge on the web-
site of FuseNet, https://fusenet.eu.
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